Abstract. Air-Sea exchange of momentum, heat and moisture over the oceanic surface plays an important role in understanding several processes spanning various scales of atmospheric and oceanic motions. The present study provides estimates of air-sea exchange parameters along the cruise track of the Intensive Field Phase of Indian Ocean Experiment (INDOEX, IFP-99) conducted on board Oceanic Research Vessel (ORV) Sagar Kanya during 20 January-12 March 1999 for a large region of the Indian Ocean. The study is aimed at acquiring a better understanding of the wind speed dependence of air-sea interaction parameters, such as roughness lengths for wind (z 0 ), temperature (z 0t ) and humidity (z 0q ), which play a key role in the determination of the air-sea exchange coefficients and interface fluxes across the tropical oceans. The variation of drag coefficient (C D ), sensible heat and water vapor exchange coefficients (C H and C E ), are also discussed in relation to the wind speed. An empirical relation is derived between the estimated values of drag coefficients and the observed values of wind speeds for the hitherto data-sparse regions over the tropical Indian Ocean.
Introduction
An important component of marine meteorological research is the determination of energy balance components at the oceanic surface through the estimation of air-sea exchange of momentum, heat and water vapor. Given the considerable area covered by the oceans on the Earth, it is of fundamental importance that we adequately estimate the surface layer fluxes of momentum, heat and moisture. HowCorrespondence to: R. Ramachandran (radhika@md3.vsnl.net.in) ever, the underlying physics of the exchange processes over the rough seas are not well understood (e.g. DeCosmo et al., 1996; Friehe and Schmidt, 1976; Smith, 1980 Smith, , 1989 . The wind stress and heat flux at the sea surface were, in general, estimated from mean wind and temperature using "bulk" formulas (Blanc, 1985; Bradley et al., 1991; Fairall et al., 1996; Smith, 1988) . Empirical coefficients were used to estimate fluxes from gradients using profile measurements between two levels -one at the water surface and the other in the air. This method had a special role because it can be used to estimate fluxes from historical sets of marine weather observations of the "bulk" variable (wind, humidity, air and water temperature) and also because it was the most practical way to input the surface fluxes in numerical models. The accuracy of the estimates depends on how well these exchange coefficients represent the flux processes (Blanc, 1987; Smith et al., 1996) . Blanc (1985) gave a detailed comparison of various schemes while Said and Druilhet (1991) provided an exhaustive survey on the aerodynamic coefficients estimated through various methods over different oceanic regions during numerous field experiments; Smith (1989) reported a careful up-to-date review on the status of evaporation measurements. Large et al. (1994) presented a detailed survey on the available schemes to represent a vertical mixing scheme that can be developed into a suitable oceanic boundary layer model for climate studies and detailed a K Profile Parameterization (KPP) model and its successes (Troen and Mahrt, 1986) . They reviewed the model and suggested further developments for the KPP model. However, the oceanic database reported by Large et al. (1994) could not explain the queries related to modelling. Despite years of research there is still uncertainty with regard to the behaviour of the various transfer coefficients, in particular for the behaviour of sensible and latent heat flux at wind speeds over 10 ms −1 (see the Joint WCRP/SCOR Working Group Report on Air-Sea Fluxes available at http: //www-pcmdi.llnl.gov/airseawg). The present study is aimed at studying the wind speed dependence of air-sea exchange coefficients of momentum, heat and moisture, crucial for the determination of air-sea interface fluxes. The behaviour of roughness lengths for wind (z 0 ), temperature (z 0t ) and humidity (z 0q ), which plays a key role in the determination of the exchange coefficients, is also addressed in the paper. The study is based on surface layer data collected from a ship-borne platform (Oceanic Research Vessel (ORV) Sagar Kanya) over the western tropical Indian Ocean region during the Intensive Field Phase (IFP-99) of the field experiment "Indian Ocean Experiment (INDOEX)" Subrahamanyam et al., 2001a Subrahamanyam et al., , 2003 .
INDOEX, IFP-99: Details on the field experiment
INDOEX, a major international field experiment and research programme, is the result of concerted efforts of several scientific personnel in various inter-disciplinary organizations in India and abroad. The main objective of the IN-DOEX expedition was to study the radiative forcing by atmospheric aerosols and the migration of the anthropogenic and continental aerosols and pollutants over the Indian Ocean (Ramanathan et al., 1996 (Ramanathan et al., , 2001 and the references cited therein). The experiment was carried out in four consecutive phases during 1996 to 1999. The Intensive Field Phase of Indian Ocean Experiment (INDOEX, IFP-99) was conducted on board ORV Sagar Kanya during 20 January -12 March 1999.
Experimental set-up
In the present analysis, air-sea interaction measurements are carried out from a shipboard platform. In contrast to the atmospheric surface layer measurements made over the land, measurements over the oceanic surface are quite difficult, and the possibilities of errors in the measurements are large. In general, a shipboard platform produces two main sources of error in air-sea interaction measurements, viz: -local flow distortion over the bulk of the ship, and contamination of the wind sensors by heat and moisture. Apart from the gross contamination of wind components by motion of the ship, the angular rotation of the instrument axes by pitch and roll cause cross-contamination of horizontal and vertical flux components (Bradley et al., 1991) . During INDOEX, IFP-99 campaign, air-sea interaction measurements were carried out by mounting different meteorological sensors on a 7-meter long retractable boom close to the ship bow on board ORV Sagar Kanya Subrahamanyam et al., 2001b . Three axis Gill propeller anemometers were used for the wind speed measurements while the relative humidity and ambient air temperature were measured from a humicap sensor. All the sensors mounted on the boom were connected to a data logger (Daq Book) installed at Meteorology Lab on board the ship. Air temperature and relative humidity measurements were acquired at a sampling rate of 0.1 Hz from a humicap sensor, whereas wind speed measurements were taken at a sampling rate of 10 Hz from three axis Gill propeller anemometers. Besides these, Dry and Wet Bulb Temperature (DBT and WBT), surface pressure and Sea Surface Temperature (SST) were measured manually at every two-hour interval. A psychrometer was used for measuring the DBT and WBT. SST was measured using the InfraRed (IR) Thermometer. The meteorological sensors mounted on the retractable boom during the campaign provided relatively good sampling for periods when winds were blowing directly toward the bow of the ship; but when the winds are blowing from the stern, the data itself may be contaminated by heat and moisture originating from the ship. The wind speed measurements are corrected for the movement of the ship. We could not, however, ascertain the effects on the measurements due to contamination by heat and moisture originating from the ship. In order to couple automatically recorded data from the sensors mounted on the retractable boom with the manually measured parameters at every two-hour interval, hourly averaged values of air temperature, relative humidity and wind speed measurements roughly corresponding to the time of manual measurements are used. The details of a few sensors used in the present study are briefly tabulated in Table 1 . Further details on the accuracies of the measurements made by the sensors and the data acquisition system are reported elsewhere Subrahamanyam et al., 2001a .
Cruise details
The field experiment covered a broad oceanic region of the Indian Ocean and the Central Arabian Sea over a latitude range 15 • N to 20 • S and a longitude range 63 • E to 77 • E. Figure 1a shows the cruise track of the campaign. The position of the ship in terms of geographical latitude and longitude with Julian day number is shown in Fig. 1b for better reference. The first meridional track approximately along 77 • E longitude (hereafter, referred to as leg-1) was traversed during the onward track of the cruise between 20 January-4 February 1999, whereas the second meridional track approximately along 63 • E longitude (hereafter, referred to as leg-3) took place during the return track of the cruise between 18 February-1 March 1999. Similarly, there are two zonal tracks, the first zonal track along 20 • S latitude (hereafter, referred to as leg-2) during the onward track of the cruise was conducted during 4-11 February 1999, whereas the second zonal track along 15 • N latitude (hereafter, referred to as leg-4) was covered between 1-6 March 1999 during the return track of the cruise. The availability of data along two meridional tracks during the cruise made it possible to observe the cross-equatorial gradients in the estimates of air-sea exchange parameters, while the spatial variability along the two zonal tracks, one located in the Northern Hemisphere, and the other in the Southern Hemisphere gave an opportunity for assessing the behaviour of the estimated parameters in the two hemispheres Subrahamanyam et al., 2001b . In the present paper, we describe the spatio-temporal variation of air-sea interaction parameters for all four legs separately in relation to the prevailing meteorological conditions.
Method of analysis
The bulk aerodynamic method estimates the turbulent exchanges of downward momentum flux or stress (τ ) in Nm −2 , sensible heat flux (H S ) and latent heat flux (H L ) in Wm −2 . Computation of the surface layer fluxes using this method requires determination of the exchange coefficients (C D , C H and C E ). In the present analysis, we have estimated the values of the empirical exchange coefficients C D , C H and C E through an iterative scheme based on a revised bulk algorithm discussed in detail in . The basic methodology is summarized as follows: turbulent exchange processes in the atmospheric surface layer are commonly formulated within the framework of Monin-Obukhov similarity theory (Bradley et al., 1991; Stull, 1988) . Based on the integrated forms of the profile relations that considered the non-diabatic cases as well (Businger et al., 1971) , the friction velocity (u * ) and scaling parameter for temperature and humidity (θ * and q * ) are given as:
where U , θ and q represent the mean wind speed (ms −1 ), potential temperature (K) and specific humidity (kg.kg −1 ), respectively. The subscripts "S" and "10" represent the sea surface and measurement height, z (= 10 m), respectively, T S is the sea surface temperature (K) and k (= 0.4) is the von Karman constant. In Eqs. (1), (2) and (3) the z 0 , z 0t and z 0q are the roughness lengths for wind, temperature and humidity, respectively, whereas terms " m ", " t " and " q " are the integrated forms of the functions of the lower level stability (z/L), for wind speed, temperature and humidity, respectively. The integrated stability functions " m ", " t " and " q " for stable and unstable stratification are defined as (DeCosmo et al., 1996; Dyer, 1974; Smith, 1988) :
for stable stratification. For unstable stratification, the integrated stability functions are defined as (DeCosmo et al., 1996; Paulson, 1970; Smith, 1988) :
where "x" is given by:
In the above equations, L is the Monin-Obukhov stability length, and it has been derived using (Lo, 1993) :
where "g" (= 9.8 ms −2 ) is the acceleration due to gravity, T V (virtual temperature at the measurement height, in Kelvin) is used in order to include the effects of water vapor content on the density stratification, and θ V * is the scaling parameter for virtual temperature. To initialize the calculations, an estimated value of the velocity roughness length, z 0 ≈ 10 −4 m is assumed applicable for the sea surface under moderate wind conditions (Lo, 1993) . For the first iteration, the stability functions " m ", " t " and " q " are assumed to be zero, the wind speed at sea surface (U S ) is taken as zero (Lo, 1993) and the relative humidity at the sea surface is assumed to be 98% (Kraus and Businger, 1994) . The neutral stability transfer coefficients are uniquely related to the roughness lengths z 0x (z 0 in case of wind profiles, z 0t in case of temperature profiles and z 0q in case of humidity profiles) as:
Smith (1988) showed that the neutral stability transfer coefficients for heat and moisture (C H N and C EN ) are approximately independent of wind speed with values of 1.15×10 −3 at a reference height of 10-m. Therefore, solving the above equation for the roughness length, with the prescribed value of (C H N and C EN (= 1.15 × 10 −3 ), we obtain the roughness length for temperature and humidity (z 0t and z 0q ) as:
With the estimates of friction velocity obtained from Eq. (1), we follow the empirical relation for roughness length suggested by Charnock (1955) . The roughness length (z 0 ) is represented as the sum of two terms, one due to Charnock (1955) (z 0c = α.u * 2 /g)) and the other is the viscous term (z 0s = β.υ/α.u * ) due to Smith (1988) , Grachev and Fairall, 1997) :
where α is the Charnock "constant", for which values between 0.010 and 0.035 are cited in literature (Garratt, 1992 , Table 4 .1, pp. 99). In the present analysis, the value of α is taken as 0.011 (after Smith, 1988 ). The term "υ" (= 14 × 10 −6 m 2 s −1 ) represents the dynamic viscosity of air. For wind speeds above about 6 ms −1 , the second term in Eq. (11) is negligible. A value of β = 0.11 has been used from wind tunnel experiments following Smith et al. (1996) . The roughness length (z 0 ) estimate obtained from Eq. (11) is then substituted into Eq. (10) to obtain new estimates of roughness length for heat and moisture (z 0t and z 0q ). The wind speed at the sea surface (U s ), commonly known as drift velocity, is taken as zero for the first iteration. Smith (1988) performed the above calculations for a range of wind speeds and sea-air (virtual) temperature differences by iterating u * and θ * until the neutral flux coefficients matched their specified values. Here, the value of the drift velocity (wind speed at sea surface, U s in Eq. 1) is taken as zero. However, it has been verified experimentally and theoretically, that the surface drift velocity is approximately equal to u * (e.g. Hicks, 1972; Lo, 1993; Roll, 1965) . Therefore, in the revised bulk algorithm , the iteration is carried out for obtaining the estimates of u * , θ * and q * in such a way that for all subsequent iterations the estimated value of u * from the preceding iteration is substituted in place of drift velocity (U s ). The integrated stability functions ( m , t and q ) are estimated using equations suggested in Smith (1988) . Now, the estimated values of roughness lengths (z 0 , z 0t and z 0q ) and the stability functions ( m , t and q ) are substituted into Eqs. (1), (2) and (3) to determine new estimates of u * , θ * and q * . Using these, the stability functions ( m , t and q ) and the roughness lengths (z 0 , z 0t and z 0q ) are determined again and the iteration is repeated, untill the u * , θ * , q * and z 0 calculated from the two consecutive iterations converge. Figure 2 shows the gradual convergence of the estimates of the roughness lengths (z 0 , z 0t and z 0q ) shown in Figs. 2a, b and c, respectively), the stability functions ( m , t and q ) shown in Figs. 2d, e and f, respectively), and the scaling parameters (u * , θ * and q * shown in Figs. 2g, h and i, respectively), through the iterations. The iterative method has two main advantages: (1) the surface drift velocity is taken as zero only for the first iteration, afterwards it is replaced by u * , thereby giving better and more accurate values of other parameters in the ensuing iterations; (2) for initialing the calculations, the sea surface roughness length (z 0 ) is taken as 10 −4 -m (Lo, 1993) . However, an estimate of z 0 based on the iteration of the surface layer data collected during the INDOEX campaign covering a broad oceanic region will be a better representation of actual z 0 against the initially assumed value of 10 −4 m. Figure 2 represents the converging values of the estimates after successive iterations. These final estimates of u * , θ * and q * are then used for the computation of the drag coefficient (C D ) and sensible heat and water vapour exchange coefficients (C H and C E ) as follows (Byun, 1990; DeCosmo et al., 1996) : 
Results and discussion
The meteorological conditions prevailing over the region of tropical Indian Ocean and Central Arabian Sea along the cruise tracks during the entire campaign can be summarized as follows: during the forward track of the cruise, most of the days were cloudy. Along leg-1, heavy rains were observed in the latitude range 2 • S to 4 • S. During leg-3 and leg-4, i.e. the return track of the cruise, barring a few days, most of the days were clear, bright and sunny. During the INDOEX, IFP-99 (20 January-12 March 1999), the Inter-Tropical Convergence Zone (ITCZ) was located in the Southern Hemisphere, around 5 • S and was migratory (Madan et al., 1999) . Subrahamanyam and Radhika (2002) have described the prevailing meteorological conditions in terms of surface observations along the cruise track in detail. Since the aim of this paper is to study the wind speed dependence of air-sea exchange parameters, we present the spatio-temporal variation of these parameters along the cruise track with the variation of wind speed. In the following sub-sections, we shall describe the spatio-temporal variation of boundary layer parameters along the cruise track (Figs. 3-6 Figure 3 shows the latitudinal variation of air-sea interaction parameters along cruise leg-1, marked "AB" in Fig. 1a . This part of the cruise was traversed in a period of almost 15 days from 21 January-4 February 1999. During this leg, the ITCZ was located between the equator and 10 • S. Intense convection and associated rainfall are also reported in this latitudinal belt (Subrahamanyam et al., , 2003 . Along the cruise leg-1, W S varied within a range 1 to 14 ms −1 , with a peak value of about 14 ms −1 between the equator and the 3 • S latitudinal belt (Fig. 3a) . As the ship crossed 10 • S latitude, it experienced a gradual increase in W S magnitudes and became maximum at the tip of the leg at 20 • S, i.e. at point "B" (Fig. 1a) . The weekly averaged wind field analysis provided by the National Centre for Medium Range Weather Forecasting (NCMRWF, New Delhi, India) reported by Madan (Stull, 1988) . Except for a few regions, the entire cruise leg-1 experienced near-neutral conditions, with z/L ≈ 0. Panels "c" and "d" of Fig. 3 shows the variation in air-sea exchange coefficients, C D and (C H = C E ), respectively. A small change in the magnitudes of these coefficients can lead to a large variation in the flux magnitudes. Along cruise leg-1, on average, C D values were about 1.20 while C H values were about 1.26 (Figs. 3c and d) . It has to be noted that along ITCZ regions near the equatorial belt, the air-sea exchange coefficients also show considerable gradients, which, in turn, affect the magnitudes of air-sea interface fluxes over these regions.
Cruise leg-2 (zonal track-BC)
Longitudinal variation of observed and estimated parameters along cruise leg-2 is shown in Fig. 4 . Cruise leg-2 (marked "BC" in Fig. 1a ) took place between 4-11 February 1999. The fact that this part of the cruise took place within a period of a week and also that it had a zonal movement, one does not observe a drastic spatial variation in the observed parameters or in the estimates. As can be seen from the figure, mag- nitudes of wind speed were larger along leg-2, and broadly it varied within a range of 4.6 to 13 ms −1 , with an average value of about 9.5 ms −1 (Fig. 4a) . It has to be noted that the wind field analysis provided by NCMRWF, New Delhi (Madan et al., 1999) for the same period also shows strong easterly winds prevailing over this zonal belt. The stability parameter (z/L) and the air-sea exchange coefficients (C D and C H ) do not show any large variations along leg-2; z/L values remained near zero, showing near-neutral stability of the atmosphere (Fig. 4b) . Average drag coefficient values were about 1.31 (Fig. 4d) while C H values were about 1.18 (Fig. 4d) . Figure 5 shows the latitudinal variation of air-sea interaction parameters for leg-3 covered during the return track of the cruise. This leg (marked "CD" in Fig. 1a ) was traversed during 18 February-1 March 1999. It is to be noted that the prevailing conditions were different from that during the first meridional track-AB, which took place about 2-3 weeks earlier. Also, the second meridional track was along 63 • E against 77 • E longitude for the first meridional track. Most of the days during leg-3 were cloud free, bright and sunny. However, the ITCZ had weakened and its position was between the equator and the 10 • S latitudinal belt. Moderate to high wind speeds were observed along leg-3 of the cruise track. The southern part of leg-3 experienced large winds while the equatorial belt experienced low winds ( Fig. 5a ). Except for regions near the equator, the stability parameter and air-sea exchange coefficients remained constant (Figs. 5b, c and d) . Drag coefficient values were about 1.21, while C H remained more or less constant with a value of about 1.27 (Figs. 5c and d) . Figure 6 shows the longitudinal variation of the air-sea interaction parameters for leg-4, covered between 1-6 March 1999. As for the longitudinal variations observed along leg-2, this leg also does not show large spatial gradients in air-sea exchange parameters. Along leg-4 wind speed magnitudes were low in the range 1.5 to 7.2 ms −1 (Fig. 6a) . The eastern sector of leg-4 shows unstable atmospheric conditions with negative values of z/L (Fig. 6b) . Figures 6c and d show the longitudinal variation of C D and C H , respectively. From the figure, it can be seen that there is no large variation in the parameters as was seen in the meridional tracks. Now with the available estimates of air-sea exchange parameters, we attempt to study the wind speed dependence of surface roughness length and air-sea exchange coefficients, imperative in the estimation of air-sea interface fluxes. The roughness length (z 0x ) can be physically interpreted as the virtual origins of the profiles of the concerned parameter "x" (in this case, "x" can be winds, temperature or humidity). It can be determined by plotting ln(z) vs. the measured winds at that height, and extrapolating the best-fit straight line down to the level where the winds are zero, with its intercept on the ordinate axis being ln(z 0 ). One should note that this is only a mathematical or graphical procedure for estimating the roughness length (z 0 ). In practice, measurements of any meteorological parameter over the oceanic surface at various heights are quite difficult. Therefore, in the present study, the roughness length is estimated using an iterative scheme described in Sect. 3. We now attempt to study the variation of surface roughness length in relation to the surface wind speeds. Figure 7 shows the wind speed dependence of velocity roughness length z 0 . As per the definition of velocity roughness length (see Eq. (11), Sect. 3), z 0c is given as the sum of two terms, z 0c and z 0s . The variation of the two independent terms, z 0c and z 0s are shown separately in the top two panels (Figs. 7a and b) , followed by the variation of z 0 and z 0t (= z 0q ) in the two bottom panels (Figs. 7c and d) . From  Fig. 7a , it is clear that there is a significant increase in the roughness z 0c (defined by Charnock, 1955) with increasing wind speed. In contrast to the variation of the first term z 0c , we see a decreasing trend for the variation of second term z 0s (the viscous term defined by Smith, 1988 ) with increasing wind speed (Fig. 7b) . It can be seen from Fig. 7b that for winds above 6 ms −1 , as expected, the viscous term (z 0s ) has negligible influence, and the value drops to zero in large winds and it dominates in the lower wind speed regime. The variation of velocity roughness length, which is defined as the sum of z 0c and z 0s , with wind speed, is shown in Fig. 7c with the variation of wind speed. The wind speed dependence of z 0 reflects the behaviour of both the terms collectively. From Fig. 7c , we can see that the magnitude of velocity roughness length (z 0 ) decreases from 9 × 10 −5 m to 3 × 10 −5 m, when the magnitude of the winds changed from 1 ms −1 to 3 ms −1 . Once it exceeds a value of 3 ms −1 , there is a sharp increase in the magnitude of z 0 , and it reaches up to 30 × 10 −5 m at about 14 ms −1 . Figure 7d shows the variation of roughness lengths for temperature and humidity (z 0t and z 0q ) with increasing wind speed. When the winds are greater than 3 ms −1 , there is clear evidence that the surface roughness for temperature and humidity decreases with increasing wind speed. However, in the wind speed regime of 0 to 3 ms −1 , there is a sharp increase in the magnitude of z 0t (= z 0q ) with increasing wind speeds. This behaviour of z 0t and z 0q at lower wind speeds can again be explained due to the viscous term, shown in Eq. (11), which determines the magnitude of z 0 . When we compare the variation of z 0 and z 0t (= z 0q ) with wind speed, we notice that for low winds (when winds are less than 7 ms −1 ), the magnitudes of z 0t (= z 0q ) are large compared to z 0 ; however, at larger wind speeds (>7 ms −1 ), the z 0 values are considerably larger than that of the z 0t (=z 0q ) values. Malhi (1996) gives a detailed analysis of the behaviour of the roughness length for temperature (z 0t ) over heterogeneous surfaces over land. His analysis demonstrated that certain transfer processes within the interfacial sub-layer, notably molecular diffusion and free convection, might induce a dependency of z 0t on wind speed. Furthermore, in this study the roughness length for temperature (z 0t ) shows a decreasing trend with increasing wind speed. Except for the lower wind speed regime (0 to 3 ms −1 ), our analysis also shows a decreasing trend for z 0t and z 0q with increasing wind speed. Turbulence alone cannot transfer heat and moisture over the air-sea interface; therefore, we have to consider molecular effects, in addition to turbulent transfer, for studying the behaviour of z 0t and z 0q . Molecular conduction of heat and molecular diffusion of tracers cause transport between the surface and the lowest few millimeters of air. With increasing wind speed, the formation of sea waves lead to dominance of turbulence over molecular diffusion at the lowest few cen-timeters of air, which would lead to a further decrease in the magnitude of z 0t and z 0q . Figure 8 shows the wind speed dependence of bulk transfer coefficients for momentum, heat and moisture computed using Eqs. (12) to (14). In the figure, the top panel (8a) shows the wind speed dependence of drag coefficients and Fig. 8b that of the sensible heat and water vapor exchange coefficients. From Fig. 8a , we notice that the drag coefficient increases with increasing wind speed. Over a wind speed regime of 1-14 ms −1 (observed during INDOEX, IFP-99 campaign), the variation of drag coefficient lies within a range 0.7-1.5 (× 10 −3 ); however, in the lower wind speed regime (i.e. 1-4 ms −1 ), there is a slight decrease in the magnitude of drag coefficient. Smith (1988) also reported a similar variation of drag coefficient at a lower wind speed regime. He observed that the value of the exchange coefficient depends strongly on the stability stratification at low wind speeds, but such an influence was not seen with increasing wind speed. Recently, Wu (1994) suggested that the closely packed capillary waves associated with surface tension partly explain the large drag coefficients at weak winds. Geernaert et al. (1988) , Bradley et al. (1991) and Greenhut and Khalsa (1995) have also reported a similar increase in drag coefficient values at low wind speeds. In contrast to the variation of drag coefficient (C D ), in Fig. 8b , we observe that the magnitude of C H (= C E ) decreases with increasing wind speed. At larger wind speeds, it becomes almost constant and there is very little scatter at these wind speeds, whereas large scatter can be seen in the lower wind speed regime. Bradley et al. (1991) pointed out that the large scatter in the measured values of C H can arise because of the very low heat fluxes, about the order of what can be obtained at the limit of resolution of the turbulence measurements. However, it is worth mentioning that the estimates of the air-sea exchange coefficients are strongly dependent on the bulk scheme adopted and its dependence on stability. Table 2 compares the estimates of the air-sea exchange coefficients of sensible heat (C H ) and water vapour (C E ) obtained in the present study with those obtained by other investigators.
Cruise leg-3 (meridional track-CD)

Cruise leg-4 (zonal track-DE)
Variation of air-sea exchange coefficients
Using the bulk transfer coefficients already obtained, we now attempt to study the variation of these coefficients for neutral stratification. The expression for neutral stability transfer coefficient (shown in Eq. 4, Sect. 3) is hypothetical, since neutral stability implies zero heat flux at the surface and a nonexistent potential temperature gradient (Bradley et al., 1991) . In the revised bulk scheme adopted for the present analysis, the neutral stability transfer coefficients for heat and moisture (C H N = C EN ) are taken as constants with a prescribed value of 1.15 × 10 −3 (Smith, 1988 ). Now we study the variation of neutral drag coefficient (C DN ) with respect to the wind speed over the Indian Ocean. We understand from Fig. 8c that for the larger wind speed regime (>4 ms −1 ), there is a significant increase in the magnitudes of C DN (from 0.85 to 1.5 × 10 −3 , which implies that with increasing wind speed, the sea surface roughness also increases). The increase in the magnitude of C DN at low wind speeds can again be attributed to the viscous term defined in Eq. (11) 
DeCosmo (1991) gives a comparison of the various regression estimates of drag coefficients at 10-m height. A few C DN regression equations with the respective range of wind speeds reported by DeCosmo (1991) , Garratt (1977) and the present study are detailed in Table 2 . These equations, derived empirically, spread over a wide range of wind speeds. Equation (15) gives the wind speed dependence of drag coefficient for neutral stratification over a wind speed range, 1-14 ms −1 . Stull (1988) gives the average magnitudes of drag coefficients over different continents (see Table 7 -2, pp. 264). Several studies suggested that the variance in the drag coefficient estimates may be explained primarily by an additional dependence of C D on sea state, but the mathematical formulation which best describes this relationship for non-equilibrium conditions is not readily agreed upon by many investigators. To summarize the behaviour of air-sea exchange parameters over the tropical Indian Ocean and Central Arabian Sea during the INDOEX, IFP-99 campaign and their wind speed dependence, the statistical estimates and the errors in the estimates are given in Table 3 .
Summary
In the present study, the wind speed dependence of air-sea exchange coefficients over the Indian Ocean during the IN-DOEX, IFP-99 campaign is reported. The magnitude of the exchange coefficient depends on many factors, including the wind speed, fetch and wave age, stability, the scheme adopted for the estimation of these coefficients, etc. In this study, however, we have attempted to show only the wind speed dependence of the air-sea exchange parameters. The key features revealed from the study can be summarized as follows:
-The drag coefficient estimates for neutral stratification increases at low wind speeds, typically in the range 1-4 ms −1 .
-For larger winds (>4 ms −1 ), there is a significant increase in the magnitude of the neutral drag coefficient, and the coefficients show an increasing trend with increasing wind speed.
-In contrast to the variation of drag coefficient, the exchange coefficients for heat and moisture (C H and C E ) do not show any significant variation with increasing wind speed in the wind speed range 1-14 ms −1 . An average value of the exchange coefficients are:
-C H N (= C EN ) = 1.11 ± 0.06.
-Estimates of the drag coefficient for neutral stratification over the Indian Ocean using the present scheme, provide the following regression equation for C DN with wind speed:
-Except for low winds (<3 ms −1 ), the velocity roughness length (z 0 ) increases with increasing wind speed. In contrast, the roughness length for temperature and humidity (z 0t and z 0q ) show a decreasing trend with increasing wind speed (>3 ms −1 ).
Concluding remarks
The INDOEX, IFP-99 campaign provided an opportunity to study the structure and characteristics of MABL over the Indian Ocean. In the present article, some of the features of air-sea interaction over the Indian Ocean are addressed. Airsea exchange parameters of water vapor, heat and momentum are important inputs for mesoscale and GCM modeling. These are particularly lacking over the tropical oceans. Various schemes were published from time to time for the computation of bulk transfer coefficients. There are several studies that report MABL characteristics over oceans; such studies over the tropical Indian Ocean region, however, are few. In the present study, an attempt is being made to show the behaviour of the surface roughness length and air-sea exchange coefficients from data collected over a wide region of the tropical Indian Ocean during INDOEX, IFP-99 campaign. Webster and Lukas (1992) emphasized that "the variation of fluxes between the ocean and the atmosphere is very sensitive to the choice of parameterization, especially in low wind regimes. " Miller et al. (1992) , who found dramatic improvements in simulated tropical phenomena by strengthening the air-sea coupling in the light wind regime, verifies this fact. In low wind speed regimes it is necessary to account for buoyancy effects on the turbulent transport, an aspect that is dealt with in the standard stability dependent bulk scheme adopted by Smith (1988) , which shows a good performance in the tropics (Bradley et al., 1991) . Estimates of bulk transfer coefficients and roughness lengths for velocity, tempera- ture and humidity over the Indian Ocean are obtained using a method based on the bulk algorithm suggested by Smith (1988) . A modification is suggested in this work to the bulk algorithm suggested by Smith (1988) by way of iteratively computing u * , z 0 , z 0t and z 0q . It has effectively improved the accuracy of the estimates of the exchange coefficients, in turn, providing a fairly reliable estimate of the fluxes.
Our estimates of the drag coefficients, particularly over the meridional tracks, could have an inherent error since it is cross-equatorial, where one can expect large gradients. The general assumption of a homogeneous boundary layer, in this case, may not be valid. Relatively large variability in the meridional track estimates against zonal track estimates, particularly in consonance with large SST and wind speed gra-dients, evident in this study, point to this fact. Hence, to that extent there is a limitation in the accuracy of the estimates of the parameters along the meridional track reported in this study.
Although there is a general agreement among investigators that the wind drag coefficient increases with increasing wind speed over the ocean, there is also a strong view against the empirically determined coefficients of the simple linear formula, which quantifies this relationship. This can be attributed to the inefficient calibration and other errors due to sensor deployment caused by flow distortion, violation of the assumptions of steady state and of isotropic turbulence and the underlying physics of the scheme adopted for estimating the bulk transfer coefficients. Concerted effort, by way of both research and field experiments, are necessary to further strengthen our understanding of the boundary layer parameterization and the bulk schemes over the tropical oceans.
